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Abstract
ElNiño events generate periods of relatively low precipitation, low cloud cover and high temperature
over the rainforests of Southeast Asia, but their impact on tree physiology remains poorly
understood. Here we use remote sensing and functional trait approaches—commonly used to
understand plant acclimation to environmental ﬂuctuations—to evaluate rainforest responses to an
El Niño event at a site in northern Borneo. Spacebornemeasurements (i.e. normalised difference
vegetation index calculated fromModerate Resolution Imaging Spectroradiometer data) show the
rainforest canopy greened throughout 2015, coinciding with a strengthening of the ElNiño event in
Sabah,Malaysia, then lost greenness in early 2016, when the ElNiñowas at its peak. Leaf chemical
and structural traitsmeasured formature leaves of 65 species (104 branches from 99 tree canopies),
during and after this El Niño event revealed that chlorophyll and carotenoid concentrations were
35%higher inmid 2015 than inmid 2016. Foliar concentrations of the nutrientsN, P, K andMg did
not vary, suggesting themineralisation and transportation processes were unaffected by the El Niño
event. Leaves containedmore phenolics, tannins and cellulose but less Ca and lignin during the El
Niño event, with concentration shifts varying strongly among species. These changes in functional
traits were also apparent in hyperspectral reﬂectance data collected using a ﬁeld spectrometer,
particularly in the shortwave infrared region. Leaf-level acclimation and leaf turnover could have
driven the trait changes observed.We argue that trees were not water limited in the initial phase of the
El Niño event, and responded by ﬂushing new leaves, seen in the canopy greening trend and higher
pigment concentrations (associatedwith young leaves); we argue that high evaporative demand and
depleted soil water eventually caused leaves to drop in 2016.However, further studies are needed to
conﬁrm these ideas. Time-series of vegetation dynamics obtained from space can only be understood
if changes in functional traits, as well as the quantity of leaves in canopies, aremonitored on the
ground.
Introduction
El Niño events bring periods of low rainfall and
reduced cloud cover to tropical rainforests that are
typically supplied with plentiful water (Lopes et al
2016), but the responses of tropical rain forests to these
events remain poorly understood. The Southern
Oscillations responsible for El Niño events have
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occurred for at least 130 000 years (Tudhop et al 2001)
suggesting ample opportunity for natural selection to
enhance the capability of trees to tolerate irregular
drought events (Harrison 2000, Detto et al 2018).
However, climate change is increasing the severity and
frequency of El Niño events (Breshears et al 2005,
Allen et al 2010, Thirumalai et al 2017, Wang et al
2017, Freund et al 2019); and higher than average
temperatures recorded across Southeast Asia in 2015
and early 2016 were attributed to a climate-change
ampliﬁed El Niño event (Thirumalai et al 2017,
Susskind et al 2019). Higher temperatures increase
evaporative demand and therefore exacerbate the
severity of drought events (Adams et al 2009). Recent
research has demonstrated a variety of biotic responses
to El Niño-induced droughts (e.g. O’Brien et al 2017,
Qie et al 2017, Detto et al 2018, Santos et al 2018).
While there is evidence of increased mortality in the
Amazon (Phillips et al 2009, Doughty et al 2015), West
African forests appear more resilient due to a gradual
shift in species composition toward drought-tolerant
species (Fauset et al 2012). There is also evidence of
greening of tropical tree canopies during dry periods
in the Amazon based on optical remote sensing
(Saleska et al 2007). One explanation for this greening
is that trees continue to access water through deep root
systems (Huete et al 2006) and acclimatise to greater
direct solar irradiance (i.e. reduced cloud cover) by
up-regulating photosynthetic and protective pigments
(Saleska et al 2007, Saleska et al 2016). An alternative
explanation is that greening during dry periods is
related to the ﬂush of new leaves (Lopes et al 2016,Wu
et al 2016,Wagner et al 2017). However, interpretation
of remotely sensed data is challenging and there is
continued debate over tropical forest responses to
variability in temperature, irradiance and precipita-
tion (Samanta et al 2010, Morton et al 2014, Bi et al
2015).
Plant functional traits provide a way of predicting
tropical forest responses to short- and long-term cli-
mate changes in terms of physiological mechanisms
(Reich 2012, Reich 2014, Doughty et al 2018). Traits
help explain differences in growth and survival across
resource gradients; for example, plant trait diversity
might act as an insurance against climate change
impacts on Amazon forests biomass, and considering
the possible plasticity of traits, fast shifts of functional
dominance enhance biomass resilience (Sakschewski
et al 2016). Nevertheless, repeated trait measurements
on the same plants are infrequent. Recent studies have
measured traits over time to investigate leaf aging
impacts (Chavana-Bryant et al 2017), but this
approach has not been used previously to track traits
changes in response to ﬂuctuating environmental con-
ditions such as an ElNiño event.
If variation in leaf traits result in changes to leaf
spectral reﬂectance, then these changes should be
observable using remote sensingmethods. Reﬂectance
signatures are affected by the optical properties
of leaves in a range of wavelengths; the visible
(400–750 nm) portion of the spectrum is mainly dri-
ven by pigments (Sims and Gamon 2002), the near
infrared (751–1300 nm) and shortwave infrared
(1301–2400 nm) driven by internal and external leaf
structure (Slaton et al 2001), including water content
(Tucker 1980, Ustin et al 2004), phenolics (Kokaly et al
2009) and organic constituents (Petisco et al 2006,
Asner et al 2011). The diversity of leaf reﬂectance sig-
natures within a community arises from the functional
and evolutionary divergence among the constituent
species, and may be used to predict ecosystem func-
tion (Schweiger et al 2018). Remote sensing studies
using Moderate Resolution Imaging Spectro-
radiometer (MODIS) satellite spectroscopy have
reported positive impacts of dry seasons on EVI—an
enhanced vegetation index which is a combination of
chlorophyll content and leaf area that does not satur-
ate in dense forests—indicating a ‘greening up’
phenomenon associated with increased irradiance
during dry seasons (Huete et al 2006, Saleska et al
2007). However, it remains controversial whether
trees are actually investing in photosynthetic appara-
tus or whether this phenomenon is an artefact of opti-
cal sensors (Morton et al 2014). We propose that leaf-
level reﬂectance obtained fromproximal sensing using
ﬁeld spectroscopy can provide an accurate method for
monitoring short-term climate ﬂuctuations, on the
basis that trait variation affects reﬂectance in different
portions of the spectrum that can be captured using
ﬁeldmeasurements.
This paper presents observations of changing leaf
traits in a Bornean tropical forest associated with the
2015/16 E Niño drought, and tests whether those
changes can be detected from leaf spectroscopy and
in situ sampling. In terms of drought stress, there
may be species-speciﬁc responses at the leaf level
(Maréchaux et al 2015). Changes in leaf functional
traits could indicate a combination of leaf physiologi-
cal and structural responses to drought, but no studies
have previously reported such acclimation from repe-
ated measurements in tropical forests. We investigate
changes in 17 foliar traits and leaf spectral reﬂectance
in response to the El Niño event to address the follow-
ing questions: (1) how do foliar traits change with El
Niño events? (2) Can responses to El Niño be detected
from leaf spectral properties? Leaf samples and ﬁeld
spectroscopy data were acquired in two ﬁeld cam-
paigns, one during the El Niño event (September
2015) and one after the rains had returned (October
2016). By taking repeated measurements of physico-
chemical and spectral properties on the same trees,
this is the ﬁrst study to measure leaf-level responses to
an El Niño event, providing a unique perspective on
the acclimation response of tropical rain forest trees to
short-term climatic variation.
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Material andmethods
Description ofﬁeld site and environmental time-
series
The study was conducted in a lowland mixed dipter-
ocarp forest (Fox 1972) on clay soils (Wright 1975) in
the DanumValley Conservation Area in theMalaysian
state of Sabah, Borneo (Reynolds et al 2011). Data
collectionwas carried outwithin two 1 ha plots located
in an old growth forest (plot coordinates 4.951 °N,
117.796 °E and 4.953 °N, 117.793 °E) characterised by
high species richness and tall emergent trees without
evidence of logging or recent human disturbance
(Riutta et al 2018).
Daily rainfall, temperature and sunshine duration
data were systematically recorded at a weather station
located at DanumValley Field Centre, which is located
adjacent to the Conservation Area. These data are
freely available and can be downloaded from the
South-East Asian Rainforest Research Partnership
(www.searrp.org/scientists/available-data/) and were
used to derive time-series of meteorological variables
during the study period. Normalised difference vege-
tation index (NDVI) time-series were computed from
the MODIS Multi-Angle Implementation of Atmo-
spheric Correction Daily Land Surface (MCD19A1)
product (Lyapustin et al 2011a, 2011b, 2018). Detailed
methods and an overview of environmental condi-
tions before, during and after the 2015/2016 El Niño
event in DanumValley are provided in supplementary
information is available online at stacks.iop.org/ERL/
14/085005/mmedia.
Leaf litterfall occurs throughout the year in these
forests and South-East Asia rainforests. To investigate
whether leaf litter was higher during the El Niño, leaf
litter was collected from 25 traps, measuring 0.25 m2,
placed in the two plots, over collection intervals ran-
ging from 7 to 29 d (Riutta et al 2018). Leaf litter dry
mass was divided by the collection interval and multi-
plied by 30 to get a monthly estimate inMgC h−1. Leaf
litter carbon content was assumed to be 50%.
Sampling design andﬁeld data collection
Seventeen functional traits weremeasured on 38 sunlit
and 66 shaded branches (104 branches in total) from
99 individual trees10 cm diameter at breast height,
representing 65 species from 44 genera in 24 families
and tree height ranging from 2.3 to 73.7 m. The ﬁrst
measurements were conducted in September 2015,
during a dry period, and the second measurements
were taken a year later, after the rains had returned
(ﬁgure 1(b)). The sampling design, analysis of leaf
biochemistry and extraction of other traits were
carried out in accordance with previous trait cam-
paigns, as described by Both et al (2019) andmore fully
described in the SI.
Analyses were performed within the R statistics
framework (R Core Team 2018). We conducted
analyses that considered the hierarchical structure of
the data, and analyses focussing on species-level
responses. First, to examine the inﬂuence of El Niño at
the canopy level, we ﬁtted linear mixed effects model
to the change of each trait using the lme4 package in R,
with species identity as a random effect (i.e. a grouping
variable allowing ‘paired comparisons’ to be made;
Messier et al 2010). Secondly, to evaluate the relative
inﬂuence of the drought, shading and taxonomic level
on each trait, we developed hierarchical models using
the lme4 package in R. We included the phylogenetic
levels of family, genus nested within family, species
nested within genus, and branch type (shaded or sun-
lit) nested within species, as well as a temporal effect.
All effects were treated as random. In each model, the
response variable (y) is any chemical trait for each
canopy sample. The total variance of the mean for a
given trait was quantitatively separated into variance
explained by each taxonomic level, El Niño and unex-
plained variance was treated as a residual comprised of
micro-environment, sample selection and measure-
ment errors associatedwith laboratory analyses.
Spectroscopy collection
For both surveys, ﬁve leaves attached to the branches
were selected at random, avoiding damaged and young
leaves. Reﬂectance spectra (350–2500 nm) were
acquired using a FieldSpec 4, produced by Analytical
Spectral Devices (ASD, Boulder, Colorado, USA). The
spectroradiometer’s contact probe was mounted on a
clamp and ﬁrmly pushed down onto the sample
against a black background so that no extraneous light
was included in the measurement. The spectral
measurements were taken at themidpoint between the
main vein and the leaf edge, approximately halfway
between the petiole and leaf tip, with the abaxial
surface pointing towards the probe. The readings were
calibrated against a Spectralon white reference panel
every ﬁve samples. In all statistical analyses, the
spectral data were trimmed to the 400–2500 nm range,
and the mean reﬂectance values of the ﬁve spectra per
branchwere used.
Partial least squares regression (PLSR)was initially
used to predict leaf traits from spectral reﬂectance.
There is strong autocorrelation in reﬂectance values,
so PLSR involves dimensionality reduction, to pro-
duce orthogonal uncorrelated latent vectors contain-
ing themaximum explanatory power in relation to the
trait data (Wold et al 2001). To avoid overﬁtting the
calibration models, the number of latent variables was
chosen according to the ‘one standard error’ rule that
selects the least complexmodel with the average cross-
validated accuracy within one standard error from
that in the optimal model (Breiman et al 1984). We
determined the contribution of individual ASD wave-
bands within the visible (VIS; 400–750 nm), near
infrared (NIR; 751–1300) and shortwave infrared
(SWIR; 1301–2400 nm) to the model performance
3
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(Serbin et al 2014, Nunes et al 2017). We also com-
bined two or more spectral regions to evaluate perfor-
mance. In general, previous research indicates that the
SWIR contains absorption features for most traits
(Curran 1989, Kokaly et al 2009, Nunes et al 2017),
with the visible being useful for pigments (Curran et al
1991, Sims and Gamon 2002), and the NIR for leaf
mass per area (LMA; Asner et al 2011). Performance of
the ﬁnal models was evaluated using an 80/20 split of
the data for calibration/validation, respectively, over
100 randomised permutations of the dataset. For each
such permutation, we tracked the model ﬁt (R2) and
the percentage root-mean-square error over the data
range (%RMSE). These analyses generated a distribu-
tion of model coefﬁcients and ﬁt statistics and allowed
for the assessment of model stability as well as uncer-
tainty in predictions. Models were built using the
packages caret and vegan in R (www.r-project.org).
Additionally, we explored whether the data collected
using spectroscopy could be used as a surrogate for the
validation data to determine the effect of El Niño on
leaf traits. To test this question, we used calculated the
variationwith 95% conﬁdence intervals for both refer-
ence and predicted data.
Results
Time-series of environmental change
Borneo experiences variability in climate due to
inﬂuences from both the Paciﬁc and Indian Oceans.
The National Oceanic and Atmospheric Administra-
tion (NOAA) considers El Niño conditions to be
present when the Oceanic Niño Index is +0.5 or
higher. The strong El Niño of 2015–16 (ﬁgure 1(a))
coincided with a period of higher diurnal range in
surface air temperatures across the island, peaking
during the months November 2015–April 2016 which
were on average 0.6°–1.2°higher than average seasonal
Figure 1. (a)OceanicNiño Index based upon ocean surface temperature anomalies (Source: NOAA); (b) running 30 d precipitation
(mm) recorded atDanumValley Field Centre inMalaysian Borneo; (c)Hargreaves potential evapotranspiration (mm) computed
from recorded temperature data. Grey points represent recorded or computed daily values in amonth, solid black line represent cubic
smoothing spline, and dashed red lines represent the date of trait collection during and after the 2015/2016 ElNiño event.
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temperatures (Whitﬁeld et al 2019). Precipitation
during 2015 and 2016 varied considerably across the
region, but in North-eastern Borneo seasonal total
rainfall in May to October 2015 was between 75% and
100% of the 1981–2010 seasonal average, reducing to
50%–75% of normal rainfall for the period November
2015–April 2016, returning to long-term seasonal
average amounts for May to October 2016 (typically
900–1000 mm) (Colledge 2017). At Danum Valley
Conservation Area itself, mean daily rainfall (mm) in
the latter half of 2015 and early 2016 was lower than
typically recorded for the site (ﬁgure 1(b)), before
increasing rapidly in the latter half of 2016. In the
months immediately preceding the two surveys (May–
August) the average number of days when no rain was
recorded was 16 in 2015 and 10 in 2016, whilst the
longest run of consecutive days without rain was 10 in
2015, and just 3 in 2016. Coupled with reduced
rainfall, an increase in sunshine duration was also
recorded at Danum Valley, with mean daily sunshine
of 5.9 h inMay–August 2015, reducing to 5.4 h for the
same months in 2016. Thus, at Danum Valley
Conservation Area, the forest experienced a period of
relatively low rainfall (ﬁgure 1(b)) and high potential
evapotranspiration (ﬁgure 1(c)) before and during the
ﬁrst survey (September 2015).
Leaf loss was greater in the period running up to
the ﬁrst ﬁeld campaign and increased again toward the
end of the El Nino in April 2016 (ﬁgure 2(a)). NDVI
values increase in the early El Niño period in 2015
(ﬁgure 2(b)), and then a sharp decrease late in the El
Niño. By the time of the second ﬁeld survey, NDVI is
similar to the ﬁrst survey despite evidence of major
upheavals in the interim.
The inﬂuence of the ElNiño event on traits
Pigment concentrations, and several other traits, varied
between ﬁeld campaigns that sampled species during
and after the 2015/2016 El Niño event (table 1).
Pigment concentrations, namely chlorophyll a+b and
carotenoids, were about a third higher during the El
Niño event than afterwards, when heavy rain and low
irradiance conditions had returned (ﬁgure 3); the El
Niño effect was much stronger than the position of the
branch within the canopy, or species identity (ﬁgure 4).
Phenolic and tannin concentrationswere 18%and16%
higher during the El Niño, while δ13 C, cellulose, LMA
and water were 9%, 5%, 4% and 3%. higher, respec-
tively. Calcium and lignin were the only leaf traits that
increase in concentration after the El Niño by 17% and
13%. The other carbon fractions, including soluble and
hemicellulose, as well as N, δ15 N and the rock-derived
nutrients P,K andMgdidnot changebetween sampling
periods. Correlation analysis (ﬁgure S1) indicates that
plants with higher LMA have more phenolics and
pigments but lesswater and lowerN concentrations.
Organisation of traits by taxonomy, light exposure
andElNiño
Using hierarchical models for variance partitioning to
analyse the dataset, we found evidence for strong
taxonomy organisation of multiple traits operating
independently of variation in climate (ﬁgure 4). Our
analysis also incorporated branch type (sunlit or
shaded branches) to test whether traits were variable
within canopies. Residual variation may result from
variation inmicro-environment, sample selection and
analytical error. High trait diversity among coexisting
trees is driven by differences between taxa rather
than by environmental conditions. Water content,
Figure 2. (a) Leaf litterfall (MgCha−1month−1) and (b)MODIS-derivedNDVI time-series (MCD19A1). Grey points represent
collected leaf litter from25 traps in both plot (a) and daily greenness values over 18 pixels (b); solid black line represent cubic
smoothing spline, and dashed red lines represent the date of trait collection during and after the 2015/2016 ElNiño event.
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rock-derivednutrient concentrations, lignin, phenolics
and tannin were all strongly phylogenetically con-
served; species-level differences were usually greater
than family- or genus-level differences, although K,
water, tannins, N, Mg and lignin had strong family-
level effects. Pigments had the highest impact by El
Niño and δ15 N was the least taxonomically organised
trait with the highest unexplained variation. For most
traits, branch type accounted for more variance than
the El Niño event, in particular LMA, N, δ13 C and
carbon fractions. LMA was conspicuously variable
within canopies, indicating the dependence of environ-
mental attributes associated with the vertical canopy
proﬁle, and is less affected by short-term climatic
variation. Our analysis suggests that sun exposed leaves
can have variable responses to ElNiño.
Table 1.Comparison of foliar trait of 65 species of Bornean rainforest tree, sampled during during and after an ElNiño
event.Mean traits value (with 95%conﬁdence interval) are given.Mixed effectsmodelling, with species identity as a
grouping variable, was used to assess the statistical signiﬁcance of trait changes (95%CIs predicted bymodel; bold indicates
signiﬁcance atP<0.05), adjusted formultiple comparisons using approach of Benjamini andHochberg (1995).
Foliar trait During ElNiño After ElNiño Change (During–After) P-value
LMA (g cm−2) 95.8 (91.0–100.7) 90.4 (86.5–94.3) 4.03 (1.08–6.98) 0.010
Water content (%) 58.8 (57.5–60.2) 57.2 (55.8–58.7) 1.62 (0.70–2.54) 0.001
N (%) 1.79 (1.70–1.89) 1.85 (1.76–1.94) −0.04 (−0.10 to 0.02) 0.176
δ13 C (‰) −32.0 (−32.3 to 31.8) −32.5 (−32.8 to 32.3) 0.49 (0.28–0.70) < 0.001
δ15N (‰) 1.16 (0.72–1.60) 0.73 (0.50–0.97) 0.42 (0.0–0.84) 0.052
Chl a+b (mgm−2) 323.2 (307.1–339.5) 225.1 (206.8–243.3) 101.5 (81.4–121.6) < 0.001
Car (mgm−2) 58.8 (55.5–62.0) 42.1 (38.6–45.6) 17.7 (13.7–21.7) < 0.001
Sol. carbon (%) 50.2 (48.3–52.0) 50.2 (48.4–52.1) 0.17 (−1.12 to 1.46) 0.790
Phenolics (mgg−1) 36.2 (32.4–39.9) 29.7 (26.0–33.3) 6.5 (3.5–9.5) < 0.001
Tannin (mgg−1) 8.5 (7.5–9.6) 7.3 (6.4–8.2) 1.32 (0.42–2.22) 0.005
Hemicellulose (%) 11.9 (11.2–12.6) 11.7 (11.1–12.4) 0.17 (−0.11 to 0.45) 0.251
Cellulose (%) 21.3 (20.4–22.1) 20.0 (19.2–20.8) 1.03 (0.41–1.65) 0.001
Lignin (%) 16.7 (15.5–17.8) 17.9 (16.7–19.2) −1.33 (−2.22 to−0.44) 0.005
P (mgg−1) 1.33 (1.23–1.42) 1.28 (1.21–1.35) 0.02 (−0.06 to 0.10) 0.555
K (mgg−1) 10.4 (9.0–11.7) 9.7 (8.6–10.7) 0.58 (−0.25 to 1.41) 0.180
Mg (mg g−1) 4.5 (3.8–5.1) 4.4 (3.8–5.0) 0.05 (−0.19 to 0.29) 0.652
Ca (mgg−1) 12.7 (11.2–14.3) 14.1 (12.6–15.6) −1.11 (−2.16 to−0.06) 0.043
Figure 3.Percentage differences in the ratio of each canopy chemical trait during and after El-Niño induced droughts. Differences
(coloured boxes)were calculated from the species average value and error bars represent relative 95% conﬁdence intervals of the
average change. Percentage difference for δ15N and δ13 C isotopeswere calculated as trait change/trait range ratio.
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Spectral analyses of leaf trait responses to ElNiño
Several foliar traits were successfully estimated from
leaf spectral reﬂectance (table 2). Variation in water
content, LMA, and concentrations of N, phenolics and
cellulose was estimated particularly well, while con-
centration of P, K, δ13 C and δ15 N were poorly
estimated. In general, the highest absolute spectral
sensitivity was observed in the SWIR portion between
1301 and 2400 nm, with all traits inﬂuencing this
spectral region. The visible portion of the spectrum
(400–750 nm) was inﬂuenced only by chlorophyll
a+b, carotenoids and LMA, while the near infrared
(751–1300 nm) was inﬂuenced only by LMA, pheno-
lics and P.
Differences in leaf traits between the two surveys
could generally be detected with hyperspectral
Figure 4.Variance partitioning of functional traits into taxonomic level (family/genus/species), branch (sun exposed versus shaded),
the ElNiño event (during and after), and unexplained residual components from104 branches from99 tree canopies in an old growth
forest inDanumValley ConservationArea,Malaysian Borneo.
Table 2. Spectroscopy estimation of leaf chemical and structural properties using leaf spectral
reﬂectance of 104 trees inMalaysian Borneo during and after an ElNiño event. NComp is the
number of latent components using partial least square regression and the
average±standard deviation ofmetrics to assess the predictive power. Performance of the
ﬁnalmodels was evaluated using an 80/20 split of the data for calibration/validation,
respectively, over 100 randomized permutations of the dataset. Regions of the spectrum
selected for hyperspectral analyses were the visible (VIS; 400–750 nm), near infrared (NIR;
751–1300) and shortwave infrared (SWIR; 1301–2400 nm); different regionswere selected
for each trait, based on comparisons of the performance of alternative PLSRmodels.
Trait Region ncomp R2 %RMSE
LMA(g cm−2) VIS–NIR–SWIR 10 59.2±9.4 14.1±1.4
Water content (%) SWIR 5 67.3±8.0 7.1±0.9
N (%) SWIR 16 58.8±8.8 17.4±2.7
δ13 C (‰) SWIR 14 32.6±10.7 17.1±1.6
δ15N (‰) SWIR 1 3.2±3.1 7.5±2.5
Chl a+b (mgm−2) VIS–SWIR 8 40.0±12.5 28.4±2.6
Car (mgm−2) VIS–SWIR 7 41.2±12.7 28.3±2.9
Soluble carbon (%) SWIR 18 38.8±10.8 14.2±1.6
Phenolics (mg g−1) NIR–SWIR 9 53.8±10.1 40.3±4.6
Tannin (mgg−1) SWIR 11 42.9±9.9 47.6±4.8
Hemicellulose (%) SWIR 12 45.1±9.7 21.3±2.3
Cellulose (%) SWIR 19 53.3±10.1 15.2±1.7
Lignin (%) SWIR 17 34.8±11.9 30.0±4.3
P (mgg−1) NIR–SWIR 10 27.7±14.6 27.9±6.1
K (mgg−1) SWIR 9 24.5±10.7 50.4±7.0
Mg (mgg−1) SWIR 13 43.0±11.3 57.8±7.6
Ca (mgg−1) SWIR 11 36.7±9.3 47.1±6.6
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reﬂectance data (table 3): changes predicted by PLSR
of spectral data are similar to laboratory-measured dif-
ferences for all traits except water content and calcium
(ﬁgure 5). However, the residuals are mostly negative
in the upper half of x-axe values for some traits, e.g.
pigments, indicating that spectroscopy underestimate
pigment concentrations of leaves with high concentra-
tions. However, the inﬂuence of El Niño on pigment
concentrations is apparent in the separation of during-
and after-classes, indicating the ability to detect the
leaf-greening phenomenon from spectral data.
Discussion
Changes in rainfall and temperature observed during
the the El Niño event of 2015/2016 varied markedly
across South-East Asia (Thirumalai et al 2017). Even
on the island of Borneo there were signiﬁcant differ-
ences in both the duration and severity of reduced
rainfall and increased temperatures (Colledge 2017,
Whitﬁeld et al 2019). This paper provides the ﬁrst
analysis of how rainforest leaf traits respond to ElNiño
events at a single site within this region, and uses
trends in satellite-derived canopy greenness to inter-
pret these changes. Measurements of leaf functional
traits reveal that pigment concentrations were consis-
tently higher during the ElNiño event than afterwards,
and a number of other traits varied to lesser extents.
There are two non-exclusive explanations for these
trait changes: that trees exchanged leaves in response
to changing conditions and that the new leaf cohort
had different traits to those that had been discarded,
and/or that individual leaves acclimatised to the new
environmental conditions brought about by the El
Niño event. With functional trait data from just two
points in time, it is challenging to distinguish between
these two mechanisms. We start by looking at the
NDVI trends, then explore possible ecophysiological
explanations for the leaf-level trait changes, before
returning to the question of whether leaf turnover or
leaf acclimation or both contributed to the changes
observed.
Ecophysiological explanations for functional trait
shifts in response to ElNiño
Pigment concentrations were about a third higher
during the El Niño event than afterwards, which
suggests that trees responded to having more light by
upregulating photosynthetic processes. Greater foliar
chlorophyll concentrations ensures that more photo-
synthetically active radiation is utilised for electron
transport (Poorter et al 2009). Increased light avail-
ability during the relative dry phase of the El Niño
cycle can result in high rates of photosynthesis (Guan
et al 2015). However, it remains unclear whether
higher rates of photosynthesis occur in Sabah, as N
and P concentrations are similar during and after the
El Niño, suggesting that the total concentration of leaf
proteins (including Rubisco) remain unchanged
(Evans 1989); this is a topic in need of further research.
Carotenoids protect leaves from photoinhibition (i.e.
damage caused by solar radiation when supply out-
strips demand) by releasing excess energy as heat via
the xanthophyll cycle (Ustin et al 2009). The ratio of
carotenoids to chlorophyll remains similar between
surveys, suggesting leaves retain similar commitment
to protection against photoinhibition.
Leaves had higher δ13 C values during the El Niño
event, consistent with greater water use efﬁciency in a
period of increased evaporative demand. Water-use
efﬁciency can be effectively measured with foliar δ13C
values (Farquhar et al 1989)because changes in stomatal
conductance in response to leaf water balance changes
intercellular/ambient CO2 ratios and discrimination
against the heavier isotope inmetabolic processes.
The observed increases in phenolic compounds
are consistent with other studies showing increased
production in response to heat stress and higher irra-
diation (Rivero et al 2001, Caldwell et al 2007, Poorter
et al 2009). Phenolic compounds are secondary meta-
bolites with antioxidant effects in plants exposed to
Table 3.Temporal changes in foliar trait values predicted from spectral reﬂectance comparedwith temporal changes observed in traits
signiﬁcantly affected by ElNiño. Partial-least square regressionwas used to generatemodels relating leaf traitsmeasured during and after an
ElNiño event to spectral reﬂectance data collected byﬁeld spectroscopy. Regression analyses did not include sampling date inmodel
calibration, so the predicted during and after ElNiño values indicate predictive power to detect ElNiño inﬂuences on each trait.Mean (and
95%CI) of each spectranomic trait change is provided.
Foliar trait Predicted change Observed change
LMA (g cm−2) 3.44 (1.02–5.86) 4.03 (1.08–6.98)
Water content (%) −0.72 (−1.47 to 0.03) 1.62 (0.70–2.54)
δ13 C (‰) 0.41 (0.24–0.58) 0.49 (0.28–0.70)
Chl a+b (mgm−2) 79.8 (70.1–89.5) 101.5 (81.4–121.6)
Car (mgm−2) 15.2 (13.5–16.9) 17.7 (13.7–21.7)
Phenolics (mgg−1) 9.0 (7.4–10.6) 6.5 (3.5–9.5)
Tannin (mgg−1) 1.71 (1.28–2.14) 1.32 (0.42–2.22)
Cellulose (%) 1.03 (0.62–1.44) 1.03 (0.41–1.65)
Lignin (%) −1.53 (−2.07 to−0.99) −1.33 (−2.22 to−0.44)
Ca (mgg−1) −0.61 (−1.26 to 0.04) −1.11 (−2.16 to−0.06)
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Figure 5.Observed traits against traits predicted from spectral reﬂectance data, using Partial-Least Square regression, for traits
signiﬁcantly inﬂuenced by the ElNiño event. The ﬁndings show that remote sensing is able to detect accuratelymost traits during
(yellow) and after (black)ElNiño.
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oxidative stress (Olsson et al 1998, Tattini et al 2004,
Tatinni et al 2005, Mansori et al 2015). Phenolic com-
pounds accumulate in large quantities in the vacuoles
of epidermal cells and effectively attenuate the UV
component of sunlight with minimal change in the
visible region of the spectrum.
The ecophysiological responses outlined above
could have resulted from rapid acclimation of existing
leaves or from the production of new leaves with dif-
ferent properties in response to the El Niño environ-
ment. The next section considers evidence supporting
the latter hypothesis.
Evidence for increased leaf turnover
Shedding of leaves has been observed as a response to
both intense short and long period droughts in the
north of Borneo (Ichie et al 2004) and most trees ﬂush
new young leaves with the end of drought and increase
in rainfall (Itioka and Yamauti 2004). If leaf loss was
greater in the period running up to the ﬁrst ﬁeld
campaign, and if new leaves were ﬂushed almost
immediately, then we could have inadvertently
sampled younger leaves in the ﬁrst campaign which
are known to have higher concentrations of photosyn-
thetic pigments (Doughty and Goulden 2008, Hilker
et al 2017). Recent studies have demonstrated strong
relationships of leaf traits and spectra with leaf age
(Chavana-Bryant et al 2017, Wu et al 2017). By
selecting what appeared to be mature leaves on each
branch we attempted to minimise any effects of leaf
turnover, but leaf agewas not determined.
Our NDVI time series is likely as a result of both
leaf biochemistry and canopy structure (i.e. leaf area,
crown geometry and leaf demography) (Wu et al
2016, 2017, 2018).We see greening in the early ElNiño
period in 2015 (ﬁgure 2(b)), probably because there
was more PAR and sufﬁcient water, which resulted in
more chlorophyll and increased LAI. We see a sharp
decrease in greeness late in the El Niño which possibly
indicates loss of leaves associated with strong evapora-
tive demand and depleted soil water (ﬁgure 2(b)). By
the time of the second ﬁeld survey, the NDVI is similar
to the ﬁrst survey despite evidence of major upheavals
in the interim.
Some—but not all—functional trait responses vary
among species
By concentrating on functional traits without refer-
ence to species identities or individuals, we are able to
account for intra-speciﬁc variability, often neglected
when functional diversity is indirectly calculated from
taxonomic data. Strong taxonomic organisation prob-
ably indicates low plasticity within species (Asner and
Martin 2011). Our results suggest that most traits have
strong phylogenetic signals; among those traits that do
not have strong taxonomic contribution to the overall
variance partitioning, changes in LMA and δ13C
concentration are primarily driven by sun/shade
branch conditions whereas pigments are primarily
driven by the El Niño event. LMA has a tight relation-
ship with the photosynthetic capacity of plants
(Poorter et al 2009), and is highly modulated by the
total photon irradiance over the day (Niinemets et al
2004) and the vertical light-gradient and light quality
along plants play a crucial role in determining LMA
(Niinemets 2007). Our results suggest that variation in
irradiance may be the underlying mechanism behind
changes in LMA between the two sampling events,
especially if the onset of drier conditions was asso-
ciated with reduced cloud cover and lower irradiance
during the El Niño event. On the other hand, nutrients
and water content had particularly strong taxonomic
organisation. Although plants can quickly adjust
investment in the photosynthetic machinery and
water-use efﬁciency (δ13C), nutrients stored in tissues
may be reused and changes in those traits may take
longer to manifest. The strong taxonomic pattern in
water content may indicate selective pressure among
coexisting species.
A clearer sense of the diversity and organisation of
canopy chemical traits may help us to forecast the spe-
cies that will suffer or gain from an increasing fre-
quency of El Niño events. Some old growth forests of
Borneo have high levels of interspeciﬁc variability
associated with high biological diversity (Asner et al
2012). The rapid shift in water-use efﬁciency indicates
the ability of plants to adapt to these short-term cli-
mate variation, but may also suggest that more fre-
quent droughts could increase selection for species
with greater intrinsic water-use efﬁciency (Cernusak
et al 2009).
Application of spectroscopy to predict trait
variation
To our knowledge, our study is the ﬁrst to analyse the
morphological (LMA) and a range of chemical traits
along with spectral reﬂectance of leaves of emergent
canopies and tropical tree species during and after El
Niño. Many previous studies have shown that leaf
reﬂectance can predict the morphological and chemi-
cal leaf traits in the tropics that are commonly used for
determining functional diversity (Asner et al 2012,
Asner et al 2014, Doughty et al 2017) and also capture
variation that is not traditionally measured (Schweiger
et al 2018). We evaluated the variation of 17 leaf traits
using spectral reﬂectance and were able to validate
these measurements against ﬁeld data. In particular,
the variation of traits affected by El Niño such as
pigments, δ13C and phenolics were successfully
detected, which suggests that repeated reﬂectance
measurements can also predict physiologically rele-
vant variation of the El Niño effects at the leaf level.
The effects of El Niño on leaves accompanied by high
pigment concentrations were detected from the visible
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(400–750 nm) portion of the spectra, as expected from
previous studies (Curran et al 1991, Sims and Gamon
2002, Serbin et al 2014). From a remote sensing
perspective, a potential leaf-level greening phenom-
enon during El Niño could be then a factor contribut-
ing to the greening observed during the dry season.
Concluding thoughts
Greening of forest canopies during short and long-
term drought have been reported previously in the
Amazon basin, using satellite remote sensing (Saleska
et al 2007, Manoli et al 2018). Ground-based spectral
data and NDVI trends measured by spaceborne
spectroradiometers in this study suggest canopy-level
greening in response to the initial phase of the El Niño
drought, similar to those observed in several studies
and attributed to greater irradiance when cloud cover
is reduced and/or to leaf demography (Nemani et al
2003, Huete et al 2006, Wu et al 2016). Manoli et al
(2018) recreated dry-season greening in the Amazon
using an eco-hydrological model, providing further
support for the idea that leaf development and
synchronised dry season litterfall and dry conditions
are in agreement with evolutionary strategies aimed at
increasing the efﬁciency of photosynthesis and water
consumption during periods of abundant light but
potentially low water availability. We observed the
greening with both ground-based sensor and space-
borne analyses in the early part of the El Niño, quite
possibly because plants were not initially droughted
despite increased evaporative demand, but then
towards its climax forest greeness reduced, presum-
ably because of leaf shedding in response to water
availability.
The short and long-term impacts of El Niño may
differ and are likely to depend on species (Slik 2004)
and tree age and height (Giardina et al 2018). Despite
the greening observed, plot-based estimates demon-
strated that a previous 2005 drought negatively affec-
ted forest carbon through increasedmortality (Phillips
et al 2009). Although our study provides evidence of a
rapid shift tomaximise water use efﬁciency, as well as a
large investment in photosynthetic and defensive
machineries, we cannot infer information about mor-
tality and productivity of trees from our data. Leaf-
level traits do not account for all important aspects of
functional traits that do not interact with light (e.g.
rooting depth) or canopy-level functional traits such
LAI, canopy height or tree architecture hence the difﬁ-
culties to predict future responses to El Niño events.
However, these events have been documented for at
least 130 000 years (Tudhop et al 2001), which allows
abundant time for selection on plant functional
responses to El Niño and supporting the idea that the
ability to change traits over short time frames is adap-
tive. More integrative work is needed to link remote
sensing time-series with ground-based surveys of trait
and population-level changes.
Our results demonstrate that trees do increase
chlorophyll concentration in their leaves during El
Niño and this change can be detected from spectral
reﬂectance. In our analysis we have analysed the spec-
tral information at speciﬁc wavelengths within broad
regions of the electromagnetic spectrum, i.e. visible,
near infrared and shortwave infrared regions of the
spectrum. Future work will examine changes in spec-
tral response associated with speciﬁc absorption and
reﬂectance features within each spectra. This will likely
yield better predictive and explanatory models of
changing leaf traits with hyperspectral remote sensing
in an era when airborne spectrometers are mapping
large areas of the Earth (e.g. Asner et al 2017) and new
spaceborne hyperspectral missions (e.g. ESA’s
EnMap) are being developed, thus paving the way for
changing leaf and canopy traits to be observed at land-
scape-scales. The implication of this study thus
extends beyond the Borneo region and suggests that
remote sensing-based observations will soon enable
vegetation and ecosystem function, and their respon-
ses to short-term climate changes, to be characterised
at the global scale. Providing evidence that plant stra-
tegies during short-term climate change can be accu-
rately predicted using spectrometers paves the way for
new research on tropical forest responses to a chan-
ging climate using sensors in space.
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